Trivalent lanthanides provide stable emission sources at wavelengths spanning the ultraviolet through the near infrared with uses in telecommunications, lighting, and biological sensing and imaging. We describe a method for incorporating an organometallic lanthanide complex within polyelectrolyte multilayers, producing uniform, optically active thin films on a variety of substrates. These films demonstrate excellent emission with narrow linewidths, stable over a period of months, even when bound to metal substrates. Utilizing different lanthanides such as europium and terbium, we are able to easily tune the resulting wavelength of emission of the thin film. These results demonstrate the suitability of this platform as a thin film emitter source for a variety of photonic applications such as waveguides, optical cavities, and sensors.
Introduction
Methods for controlling the position, density, and overall number of emitters on surfaces can lead to stronger, more controllable light-matter interactions on patterned surfaces and in integrated nanostructures such as waveguides and optical cavities. The choice of the emitter, as well as its placement, is critical for photonic applications. Desirable emitters satisfy the wavelength of interest for an application, readily integrate with a cavity or other photonic structure, and demonstrate high optical efficiency and long-term robustness. Optimal interaction with a cavity requires both spatial and spectral alignment of the emitter with the electric field modes of an optical cavity [1] . For plasmonic enhancement, the distance of an emitter from a metal surface can significantly affect the emission of a molecule due to changes in its electric and magnetic dipole transitions [2] . In addition, careful placement of the emitter with respect to the metal substantially influences the degree of quenching of optical emission. Thus, it is highly desirable to be able to form easily-deposited, uniform thin (∼10-20 nm) films of optically active material that will not quench in the presence of metal substrates.
The trivalent lanthanides (Ln 3+ ) are emitters that offer a wealth of possibilities as efficient optical sources. They amplify and transfer signals in telecommunications [3] , form the basis of phosphors for lighting [4] , and act as luminescent bio-probes due to their long fluorescence lifetimes [5] . Lanthanides can be embedded in fluids and gels with tunable emission by varying temperature, solution pH, mechanical stimuli, and chemical reactions [6, 7] . They have also been incorporated into inks for anti-counterfeiting measures [8] . In addition, lanthanides have been doped into crystalline phosphors for upconversion from near-infrared to blue [9] , green [10] , and white [11] color emission for lighting or flat panel devices. The temperature-dependent emission of such crystals can also be used to develop optical temperature sensors. Lanthanide-doped nanoparticles can also be functionalized with amine groups to increase water solubility and improve uptake by biological organisms for imaging [12, 13] . Such amine-functionalized nanoparticles have been shown to have low toxicity for cells.
This paper describes the application of lanthanide emitters, incorporated within polyelectrolyte multilayers (PEMs): the PEMs provide a well-controlled means of introducing a uniform layer of lanthanide emitters onto a surface. We utilize lanthanides in a chelated form, bound to three dipicolinate (DPA) molecules to form the organometallic complex lanthanide(III) tris(dipicolinate) Ln DPA 3 3-( ( ) ) or simply Ln-DPA. In this form, lanthanides such as europium (Eu) or terbium (Tb) demonstrate distinctive narrow emission lines, long lifetimes, relatively high quantum yields, and insensitivity to photobleaching [5] . In addition, the DPA more readily absorbs ultraviolet light compared to the lanthanide and transfers this energy to the lanthanide for radiative emission, increasing the overall optical efficiency [14] . In addition, the Ln-DPA complexes are water soluble and compatible with the layering process described herein [8] .
We bind two different lanthanides in varying ratios to PEM films to demonstrate their high quality optical emission and the ability to color-tune the thin film emission. The lanthanide emission is robust and long-lived; the emission intensity does not decay over a period of months after preparation of the samples. Even more striking, the lanthanide emission is not quenched even when the Ln-DPA is brought into close proximity with a metallic gold surface and may in fact be enhanced. We have also observed a correlation between total luminescence intensity and number of layers in a PEM, suggesting that we have some control over the amount of lanthanide bound to a PEM and that the lanthanide complex diffuses below the surface of the PEM towards the substrate. These results show that this system exhibits versatility and stability for integration into a wide variety of nanostructures or devices.
Methods

Overview of thin film preparation
PEMs were prepared on silicon (100) wafers, ground and polished quartz microscope slides (Chemglass Life Sciences number CGQ-0640), and e-beam deposited gold films on quartz slides. The multilayers comprised a 'strong' polyelectrolyte poly (4-styrene sulfonate) (PSS) and a 'weak' polyelectrolyte poly (allylamine hydrochloride) (PAH). This combination of polyelectrolytes has been previously utilized, and the approach described: the 4-styrenesulfonate side chains of the PSS are all negatively charged regardless of solution pH, whereas the percentage of charged amine side chains in PAH depends on the pH of solution [15] . Beginning with a single layer of PAH, we then layer oppositely charged PSS and PAH to a desired thickness of PEM. We refer to a layer of positively followed by negatively charged polyelectrolyte as a single bilayer. Thin film absorption measurements were carried out in an Agilent Cary 60 UV-vis spectrophotometer. Increased absorption with number of bilayers confirmed the effectiveness of the layering process (figure S1(a) supporting information is available online at stacks. iop.org/NANO/29/075302/mmedia).
To incorporate the lanthanide emitters, the prepared PEM samples were dipped into pre-made Eu-or Tb-DPA solutions. As the Ln-DPA complex has a net negative charge, we expected that it should selectively attach to a multilayer structure where positively charged PAH is the uppermost layer; concomitantly, we expected little or no binding to a PEM with negatively charged PSS as the top layer.
When multilayers were prepared on quartz substrates having 2, 4, 6, and 8 bilayers, with an additional, upperqmost layer of positively charged PAH, subsequent dipping into a solution of Ln-DPA resulted in the binding or incorporation of the Ln-DPA onto the PEM. This was confirmed through UV-vis absorption spectroscopy, which revealed increased absorption due to DPA, which has characteristic absorption peaks centered at 280 and 272 nm in addition to broad absorption below 240 nm (figures S1(b) and (c), supporting information). The presence of the lanthanide was further confirmed through micro-photoluminescence (mPL) measurements.
However, when multilayers of different thicknesses were prepared with PSS as the uppermost layer, subsequent dipping into a Eu-DPA solution produced no signature of Eu-DPA either through UV-vis absorption measurement or mPL scans on the sample. The charge-selective attachment of the lanthanide containing layer offers a means of laterally patterning regions of lanthanide emitters. For example, previous work with this polyelectrolyte system has shown the ability to create macroscopic domains by selectively exposing some PEM regions to low pH water droplets that increase the positive charge of the PAH in order to selectively bind a negatively charged dye [16] .
The full process is indicated schematically in figure 1 . The schematic highlights the incorporation of a generic Ln-DPA where the central ion can be almost any lanthanide but is either Eu or Tb in our experiments. The chemistry will be the same for any lanthanide bound in this configuration. We last note that while the Ln-DPA rests on the surface of the structure in the schematic, experiments described herein suggest that the molecule in fact diffuses into the PEM structure to some degree.
Preparation of polyelectrolyte and rinse solutions
Polyelectrolyte solutions for layering were prepared with 18.2 mega-ohm de-ionized (DI) water from a Millipore Milli-Q system. PAH of molar weight 58 000 was used as a weak positive polyelectrolyte and PSS of molar weight 70 000 was used as a strong negative polyelectrolyte, both from Sigma Aldrich. The polyelectrolytes were dissolved in water to form 10 mM PAH and PSS solutions (93.554 and 207.194 g mol per repeat unit respectively). The 10 mM PAH solution was adjusted to pH9.3 using NaOH solutions. In addition, three rinse solutions of DI water were prepared for each polyelectrolyte solution. NaCl was added to all solutions at a concentration of 20 mM.
Preparation of quartz and silicon substrates, and layering process
Immediately prior to layering, substrates were cleaned by sonication in acetone and isopropanol and dried with compressed air. Samples were then placed in a Piranha etch mixture (3:1 of 95%-98% sulfuric acid: 30% hydrogen peroxide) for at least 10 min to clean the substrate surface and ensure a negatively charged surface. Samples were then placed in DI water and dried with compressed air. One end of each sample was then attached to a clip to allow dipping into the desired solutions. Prior to dipping, the PAH solution was adjusted to pH9.3 with 0.5 M NaOH. Every other solution was not pH adjusted. Samples were initially dipped in the positive 10 mM PAH followed by 10 mM PSS until completing the desired number of layers. For each polyelectrolyte solution, samples were dipped for six minutes, followed by dips in three rinse solutions at two minutes, one minute, and one minute respectively. After the last polyelectrolyte layering, samples were placed under a DI water stream for 30-60 s to fully remove any excess polyelectrolytes. Samples were then dried with compressed air. Samples were placed in vacuum and protected from light with aluminum foil when not being characterized.
Preparation of Eu-and Tb-DPA crystals
Dipicolinic acid (2.0 g, molar weight167.12 g mol −1 , Sigma Aldrich) was dissolved in 60 ml DI water, and the solution was brought to a boil. EuCl 3 ·6H 2 O (1.462 g, molar weight 366.41 g mol −1 , Sigma Aldrich) was added to this solution. The solution was allowed to cool and 2 M NaOH followed by 0.1 M NaOH were added dropwise until the solution reached a pH of 8.0. Addition of NaOH too rapidly will lead to the irreversible formation of a white precipitate of europium oxide or hydroxide. The solution was left in a fume hood to crystalize. Eu-DPA crystals were removed, powdered with mortar and pestle and stored in a vacuum box. We estimate a molar mass of 800 g for Eu DPA 3 3-( ) crystals in order to take into account Na + and water molecules contained in the crystals. Tb-DPA crystals were prepared in a similar manner using TbCl 3 ·6H 2 O (molar weight373.38 g mol
, Alfa Aesar).
Embedding Ln-DPA molecules in PEMs
A 10 mM Eu-DPA solution was prepared by dissolving 0.496 g in 62 ml DI water. The pH was then adjusted to pH 4.0 with 1 M HCl. Prepared PEM samples were dipped in this solution for 10 min. Afterward, samples were placed under a DI water stream for 30-60 s to fully remove any excess Eu-DPA. Samples were then dried with compressed air. Samples were placed in vacuum and protected from light with aluminum foil when not being characterized.
10 mM total Eu-and Tb-DPA solutions were prepared by dissolving mixtures of Eu-and Tb-DPA in molar ratios of 15:85, 30:70, 50:50, 70:30, 85:15. The pH of each was then adjusted to pH 4.0 with 0.1 M HCl. Each prepared PEM sample was dipped in one of these solutions for 10 min. Afterward, samples were placed under a DI water stream for 30-60 s to fully remove any excess Ln-DPA. Samples were then dried with compressed air. Samples were placed in vacuum and protected from light with aluminum foil when not being characterized.
Results and discussions
Thickness of the PEMs
We analyzed Ln-DPA-PEMs varying in PEM thickness from 2.5 to 8.5 bilayers. UV-vis absorption measurements give us assurance of the systematic and reproducible increase in PEM thickness with increased bilayer incorporation (figure S1(a), supporting information), but cannot provide an exact value of the total thickness. To provide a general cross-calibration of PEM thickness, we formed a 11.5 bilayer PAH and PSS sample on (100) silicon substrate with PAH as the topmost layer. Eu-DPA was embedded into the sample as described above. We then used a focused ion beam to lift out a lamella from this sample containing a cross section of the PEM. The lamella was imaged with a JEOL 2100 TEM at low voltage 80 kV to minimize damage to the sample due to electron bombardment ( figure S2, supporting information) . Bright field TEM images of the sample allowed us to determine the thickness of this PEM to be ∼43 nm with variation in thickness of only a couple nanometers. This corresponds to an average bilayer thickness of 3.74 nm although the PSS layer is expected to be thicker than the PAH layer because the polymer side groups are much larger. (See supporting information for further details.) The details of each layering process, such as the substrate charge and the pH of each solution, may change the values of thickness slightly, but we believe that this calibrated assumption of 3.74 nm per bilayer thickness is a useful one to employ for our analysis.
Ln-DPA-PEM emission characteristics
The spectral characteristics and uniformity of the Ln-containing PEMs was carried out using mPL spectroscopy. For the Eu-DPA-PEMs, a LabRam Evolution Horiba Multiline Raman Spectrometer was used, with a continuous wave 532 nm laser and a 100x objective. Samples with Tb 3+ emitters required shorter wavelength excitation; in this case, a home-built confocal microscope set-up was used with a pulsed 380 nm laser and a 100x objective. Pure Tb-DPA and Eu-DPA crystals were also scanned with the 380 nm laser.
We first collected mPL spectra of Ln-DPA crystals to compare to those molecules embedded in PEMs. We took a drop of prepared Eu-DPA and Tb-DPA solutions and placed them on quartz substrates. We then let the solution evaporate, leaving the pure crystal on the substrate. Figure 2(a) shows the mPL spectrum of Eu 3+ and Tb 3+ from these crystals. Eu 3+ has a peak emission at ∼616 nm with a full-width-halfmaximum (FWHM) of ∼1.82 nm. Tb 3+ has multiple overlapping peaks, making it difficult to measure the FWHM of individual peaks. Figure 2(b) shows the average mPL spectrum of a Eu-DPA-PEM with 2.5 bilayers on quartz substrate, again with principal peak emission at 616 nm but a larger FWHM of ∼2.35 nm. This spectrum is an average of nine scans over a 3×3 grid of size on the order of millimeters across the sample. The linewidth broadening suggests the Eu 3+ is not in as uniform an environment in the PEM as when in crystalline form, even when protected by the DPA in both cases. However, this broadened linewidth is consistent across the PEM sample.
This technique allows an easy means of tuning the emission of the Ln-DPA-PEMs by binding mixtures of Euand Tb-DPA to our PEMs. We began with five 2.5 bilayer PEMs layered on quartz substrates. UV-vis data shows that the absorption and therefore the thicknesses of these samples are about the same. We then made 10 mM total solutions of Eu-and Tb-DPA in varying molar ratios of Eu:Tb=15:85, 30:70, 50:50, 70:30, and 85:15. Each PEM sample was dipped in one of these solutions and then rinsed with DI water to remove excess. UV-vis absorption spectroscopy was again used to verify the absorption of each sample was about the same, indicating that the same total amount of DPA and therefore the same total lanthanide was bound to each PEM. Samples were then scanned with mPL on a 3×3 grid of size on the order of millimeters, using the 380 nm pulsed laser to excite both the Eu 3+ and the Tb 3+ to generate light emission. Figure 2(c) shows the average multi-peak spectrum due to dipping a 2.5 bilayer PEM in a solution with Eu:Tb=30:70 molar ratio. (see figure S3 , supporting information for spectra of all samples). The FWHM of the Eu 3+ 616 nm peak is about the same for all mixed lanthanide samples, suggesting the stability of the emission regardless of the relative ratio of different lanthanides embedded in the PEM. However, this result alone does not show that the Eu 3+ and Tb 3+ do not interact within the sample.
In order to compare the emission from Eu 3+ and Tb 3+ in each of these samples, we take the ratio of the largest peaks from each of these samples (616.3 nm for Eu 3+ , 543.5 nm for Tb 3+ ) and compare to the molar ratio of lanthanides in the dipping solution used to bind them to the PEMs ( figure 2(d) ). The ratio of PL intensity between the Eu 3+ and Tb 3+ peaks scales linearly with the molar ratio of each lanthanide in the layering solution. This linear relation combined with the unchanged FWHM of emission peaks shows that the Eu 3+ and Tb 3+ emission appear to be independent of each other and controllable simply by adjusting the ratio of each component in solution. We believe there are two possible reasons for this non-interaction: (1) the low concentration of Eu and Tb means that individual Eu and Tb ions are too far from each other to have any localized interaction, and (2) the Eu and Tb are each fully encapsulated by the three DPA molecules, preventing any direct coupling to adjacent lanthanides. When the samples are excited broadly by a 254 nm UV lamp, we get bright visible fluorescence from each of these samples ( figure 2(d) inset) . By simply varying the ratio of these two emitters, we can controllably span the color spectrum from green to yellow, orange, and red.
Last, we note the robustness of the emitters in these mixed lanthanide samples. PL on these samples was taken days after they were prepared and three months later. The intensity of the PL peaks had not decayed noticeably ( figure  S4, supporting information) . The image in figure 2(d) inset was taken four months after the samples were made, demonstrating the long-term preservation of the colors. Other PEM samples containing only Eu-DPA glow red when exposed to a 254 nm UV lamp many months after the samples were prepared although quantitative measurements were not taken for these samples during that time period.
Comparison of Eu
3+ emission near a dielectric and metallic surface
Our PL characterization of Ln-DPA-PEM emission on quartz revealed bright, uniform emission over substrate areas of a few square millimeters. More stringent requirements on thin film emission are imposed by metal substrates, where close proximity of the emitter to metal may result in quenching of the emission. Accordingly, we compared Eu-DPA-PEM emission from samples with PEMs bound to both quartz and gold (Au). The Au surface was made by depositing 100 nm of Au on a solvent cleaned quartz substrate using a Denton Explorer 14 E-beam Evaporator. The quartz sample was dipped in Piranha etch for 10 min followed by DI water dip and drying with compressed air to negatively charge the surface whereas the Au sample was used as-is post-deposition. Both samples were dipped in 4.5 bilayers of PAH and PSS at the same time. UV-vis absorption spectroscopy was done on the quartz sample to verify PEM binding, and x-ray photoelectron spectroscopy (XPS) with a Thermo Scientific K-Alpha+ XPS system was used to verify PEM binding to the Au sample. Using the lamella-determined value of bilayer thickness, we estimate the PEM layer on each substrate to be ∼16.8 nm thick. Both samples were then dipped in Eu-DPA solution for 10 min followed by DI water rinse. mPL was then done on both samples in a 3×3 grid. The average values and experimental variation of the peak intensities at 593.87, and 615.84 nm after a background subtraction of the base level of luminescence are shown in table 1, which compares the intensities of the Eu 3+ peak emissions for the quartz and Au substrates. Standard deviation is derived from the variation in mPL signal across the 3×3 grid. The average PL signal on the gold surface is roughly twice as large as the PL signal from the quartz surface; far from experiencing quenching of emission by the gold surface, the emission of the Eu 3+ , situated <20 nm from the gold surface is robust.
XPS was used to gain more quantitative information about the composition of the Eu-DPA-PEM layer. XPS scans detect on the order of 1% Si and Au respectively for the quartz and gold substrate samples, implying that ejected substrate electrons just barely escape the sample to reach the detector. The escape depth for electrons from a material at normal incidence is defined as three times the inelastic mean free path (IMFP) or when the electron intensity has decayed to 5% of its initial value [17] . The IMFP depends on both the material the electrons are traveling through and their kinetic energy. The kinetic energy of the Au 4f and Si 2p electrons is around 1400 eV. Cumpson provides IMFP values at 1000 eV for PAH (3.9 nm) and PSS (2.9 nm) [18] . While these values are for bulk and non-mixed polyelectrolyte films as we have, we are confident that the IMFP for our films should fall within the range of 2.9-3.9 nm at 1000 eV. Using a scaling equation provided there, we find an IMFP at 1400 eV of 3.8 to 5.1 nm, leading to an approximate escape depth of 11.3-15.3 nm. The XPS data and the calculated escape depth are consistent with our earlier (TEM-based) estimate of <17 nm thick PEM.
XPS analysis was also used to estimate the relative amounts of Eu-DPA binding to the quartz and gold substrates. The average XPS signal strength for Eu (by atomic %) on the quartz substrate, from measurements at three different locations on the sample, was XPS Eu,quartz =0.34 ± 0.18. The average signal strength on the Au substrate, from measurements at two different locations, was XPS Eu,Au =0.65 ± 0.10, suggesting that the strong Eu 3+ emission on the Au substrate may be related to a larger incorporation of Eu in the PEM. The reason for this may lie with the details of the charge state of the Au substrate and its effect on the layering process that produces the Eu-DPA-PEMs. In addition, light reflection from the Au surface may increase the PL signal collected by our objective.
We also observe that there is greater variation in the PL signal across the gold surface compared to the quartz substrate. As examined by eye, there are a number of areas of visible particulates on the Au surface as compared to the quartz surface. These particulates may have deposited on the sample from the air or from the dipping solutions, creating non-uniformities in the film. The Au surface may more readily bind such particulates compared to the quartz surface.
Variable incorporation of Eu 3+ into the PEMs
Our initial characterization of the Ln-DPA-PEM films revealed the selective attachment of the Ln-DPA to a positively charged PAH surface, and a bright, uniform, and robust emission from the Ln-containing material. XPS analysis revealed a variation of the Eu signal for two similarly formed Eu-DPA-PEM films, depending on whether the substrate was quartz or Au. We thus further explored other possible variations in the amount of Eu 3+ incorporated into the PEMs. We formed a number of PEM samples, ranging in thickness from 2.5 to 8.5 bilayers, capped with a Eu-DPA layer, using the methods described earlier. Characterization of the Eu-DPA-PEM films was carried out through mPL spectroscopy. As before, each multilayer sample was scanned in a 3×3 grid over a 3×3 mm or 4×4 mm region depending on the size of the sample; for a given sample, there was little variation in the Eu 3+ emission peak intensity across the sample. Figure 3(a) shows an example average mPL spectrum from an 8.5 bilayer sample. For each sample, the 616 nm peak had the same FWHM, indicating that the environment for the Eu 3+ is similar regardless of the number of bilayers.
We observed a variation in the average PL intensity at the 616 nm peak as the number of bilayers changed ( figure 3(b) ). To account for small variations in the process that might characterize a particular layering run, we prepared samples in groups of three: one set comprised PEMs with 2.5, 4.5 and 6.5 bilayers, while another comprised 4.5, 6.5 and 8.5 bilayers. We therefore made two samples each with 4.5 and 6.5 bilayers in different runs to demonstrate the reproducibility of the technique. Despite the uncertainty in the values of intensity for each sample, we have confidence in the relative changes in mPL intensity as we vary the number of bilayers. Across the four data points spanning 2.5-8.5 bilayers, there appears to be a rise in intensity when the PEM thickness increases from 2.5 to 4.5 bilayers, and a subsequent slight decrease as the thickness increases to 6.5 and 8.5 bilayers. It is reasonable to assume that variation in emission intensity is correlated with the amount of Eu-DPA bound to each PEM sample, and thus cross-correlative measurements using XPS are useful.
Our earlier experiments showed the strong role of surface charge in being able to bind the Eu-DPA to the PEM. If the binding and incorporation pertained to the surface alone, then for the same Eu-DPA concentration, we might assume the same amount of surface incorporation of Eu. However, the variation in PL intensity suggests that it is possible that the Eu-DPA is diffusing from the surface through the PEM during the dipping process. To gain further insight, we analyzed the XPS signal percentage of key elements as a function of PEM thickness assuming an average bilayer thickness based on the TEM lamella sample. For each layer thickness, two spots were scanned to provide an estimate of the variance in the measurement. (One of the spots for the 8.5 bilayer sample appeared irregular, so there is only one entry for that bilayer.)
In principle, XPS depth profiling should provide information on the distribution of Eu through the PEM. However, because the PEM is an organic layered structure, the sputtering rate is hard to determine, as is the precise thickness. In addition, the sputtering rate for the organic layers may differ from that of the metallic Eu ion such that sputtering may actually change the structure of the underlying layers. However, the Si, C and Eu XPS data from surface scans of samples with different bilayer thicknesses did provide some insights. We normalized each XPS atomic % signal to its value from one of the spot scans on the 2.5 bilayer sample and plot the change in relative signal intensity as a function of PEM thickness ( figure 4) .
The amount of detectable silicon from the quartz substrate steadily decreases with increasing PEM thickness. The fall-off in silicon signal intensity is consistent with the Si 2p approximate electron escape depth of 11.3-15.3 nm we calculate from [18] . By contrast, the carbon signal, associated with the PEM, increases from the thinnest bilayers and reaches a steady state value when the PEM thickness is ∼15 nm. Thus the variation of Si and C signals with bilayer thickness is qualitatively what is expected. The change in Eu XPS signal intensity is more difficult to interpret.
If all the Eu remained on the surface of the sample, we might expect the Eu XPS signal to scale similarly to the C XPS signal. As shown in figure 4 , there are slight differences in the scaling, but given the variations in the Eu signals, it is hard to discern definitive trends. Nevertheless, figure 3 shows a clear increase in the Eu PL intensity for PEMs of 4.5 bilayer thickness, an increase that is not evidenced equally in the XPS spectra. A possible explanation might involve the diffusion of Eu from the surface through the PEM. Eu diffusing more deeply than the escape depth would not contribute to the Eu XPS signature measured at the surface. Other considerations involve different thickness-dependent inelastic scattering cross sections for the electrons.
Other studies have done a calibrated measurement of diffusion of small molecules into the PAH/PSS system over time. These studies suggest that molecules on the order of the size of Eu-DPA will in fact spread out from the surface towards the bottom of the film when the PEM is exposed to a solution of those molecules over minutes to hours [19] . These studies only used neutral molecules, so the diffusion mechanism and rate for negatively charged molecules such as Ln-DPA may differ. Furthermore, other studies of the structure of the PAH/PSS system suggest that when a PEM prepared at high pH is dipped into a low pH solution such as the Eu-DPA, previously uncharged clustered amine groups in the PAH become charged, leading to an opening up and swelling of the PEM [20] . Such an expansion with positively charged regions could allow a negatively charged molecule such as Eu-DPA, first attracted to the positive charge on the surface, to further diffuse through the PEM by attraction to positively charged regions below the surface. The Eu-DPA would then be embedded within the PEM upon drying of the sample.
While we have not done direct diffusion measurements on this system, our results are consistent with these studies. The change in PL intensity for different bilayer thicknesses and the XPS results imply that the Eu-DPA may diffuse to some degree below the surface of the PEM, but they do not show exactly where the Eu is distributed in the sample. The complexities of this diffusion process require further experiments and simulations to be properly understood.
We additionally note that the pH of the PAH solution decreases slightly as more layering steps are performed in a given run. This will affect the thickness and charge of each new PAH layer deposited, which may then affect the amount of Eu-DPA that can be incorporated. At this point, the variation in the luminescence intensity of the Eu 3+ with PEM layer thickness, while not fully understood, offers the interesting possibility of modulating the incorporation of emitters into the multilayer structure. In the case of the Eu-DPA-PEM on the gold substrate, this result suggests the Eu-DPA is even closer to the gold substrate than originally thought. Therefore, the power of the DPA to protect the lanthanide from quenching and allow for strong emission even in very close proximity to the gold surface may be greater than previously thought.
We last consider that there may be additional ways to further control lanthanide emission intensity as a function of PEM thickness. As stated above, controlling the pH of the PAH solution will affect the thickness of the bilayer and available positive charge for binding the negatively charged Ln-DPA. The pH of the Ln-DPA solution will change how many amine groups become positively charged, thereby modifying how the PEM structure changes in solution and how much Ln-DPA will bind to it. Modifying the salt concentration of the PAH and PSS solutions will also change the structure of the PEM, influencing its ability to bind Ln-DPA.
Conclusion
We have demonstrated a straightforward process that allows charge-controlled binding of Ln-DPA light-emitting complexes into thin film PEMs. By integrating mixtures of different Ln-DPA molecules from solution, we have been able to tune the emission wavelength of these films. We have observed excellent emission intensity from the Ln-DPA-PEM films even when bound to metallic substrates. We have also observed that the emission intensity and linewidth remain robust over multiple months. In the future, we hope to use this method to embed these lanthanide emitters on patterned surfaces or on nanoparticles constructed from a variety of metallic and dielectric materials to further characterize their interaction with different substrates and nanostructures.
ORCID iDs
Andrew S Greenspon https://orcid.org/0000-0002-9631-7568
